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Ribonuclease H (RNase H, EC 3.1.26.4) was purified 
to homogeneity  from Escherichia coli wild  type  strain 
KS 361 and the RNase H mutant strain FB 2. The 
specific activity of the wild type enzyme was 43,200 
units/mg, while  that of the  mutant  enzyme was 3,430 
units/mg, less than 8% of the  wild  type activity. Isoe- 
lectric  focusing also revealed  differences in the  protein 
from mutant and wild type. The activity of the  wild 
type  enzyme was separated  into two peaks  with isoe- 
lectric  points of  9.6  and  9.0. In contrast,  the activity of 
the  mutant  enzyme  focused  in  a  single  peak  with  a PI 
of  9.4.  These results indicate  that  the  mutation  in  the 
FB2 strain  affects  the  structural  gene  for RNase H. The 
molecular  weight  of  both  enzymes was determined  by 
gel filtration as well as NaDodS04-polyacrylamide gel 
electrophoresis and  found to be identical.  Both  enzymes 
are  very sensitive to increased  temperatures  and  show 
indistinguishable rates of inactivation. The basis for 
the  heterogeneity of the isoelectric point and the al- 
tered activity of the mutant  enzyme is still unknown. 
Since the discovery of ribonuclease H (RNase  H, EC 
3.1.26.4) in calf thymus (1,2), the existence of the enzyme has 
been shown in a wide variety of prokaryotic (3-5) and  eukar- 
yotic (6-9) organisms. Multiple roles for RNase H have been 
proposed, although no in vivo functions have yet been estab- 
lished. In eukaryotic cells, the existence of at least two distinct 
forms of RNase  H  has been reported (10-12). The two forms 
alter characteristically their activity during cell  cycle (13) and 
virus infection (14), indicating that these forms might be 
responsible for different in vivo functions. 
In Escherichia  coli, only one form of RNase H  has been 
detected to date (3-5, 15). However, there  are still conflicting 
reports  about  the enzyme protein. The molecular weight has 
been described variously as 40,000 (4), 35,000 (16), and 21,000 
(17). In addition, a dimeric nature of the enzyme was suggested 
on the basis of the cleavage pattern of RNA-DNA hybrids 
treated with the enzyme (18). Since in most of these  studies 
nonhomogeneous preparations were used, a re-examination 
with homogeneous enzyme is necessary. 
Recently an E. coli mutant with lower levels of RNase  H 
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has been isolated (19), and studies of this  or similar mutants 
may provide crucial evidences toward establishing the in vivo 
function of the enzyme. For comparative studies, we have 
purified RNase H to homogeneity from both  a  mutant and 
wild type strain. In this paper, we describe some biochemical 
characteristics of the enzymes and  the differences between 
mutant  and wild type enzymes. 
MATERIALS  AND METHODS 
Strains  and Growth Conditions-The bacterial strains used in this 
study  are derivatives of E. coli K12. The  rnh-mutant strain  FB  2 was 
derived from KS 351 (20) after mutagenesis with ethyl methane 
sulfonate (19). Cells  were grown in L broth at 30 “C, harvested at an 
Am of 1.5, washed, and frozen in a dry ice-ethanol bath. Approxi- 
mately 60 g (wet weight) of cells were used for enzyme purification. 
Chemicals and En~ymes-[~HlATP (specific activity 50 mCi/ 
pmol) was purchased from Amersham. Poly(dT), was from Miles 
Laboratories. DEAE-Sephacel, Sephadex G-50 and G-100, and Phar- 
malyte (ampholyte) (pH 8-10.5) were obtained from Pharmacia Fine 
Chemicals. Phosphocellulose (P-11) was from Whatman. Hydroxyl- 
apatite (Bio-Gel HTP)  and Bio-Gel  P-100  were purchased from  Bio- 
Rad Laboratories. Single-stranded DNA-cellulose was prepared as 
published (21) and supplied by Dr. D. Mace (National Institute of 
Environmental Health Sciences). E. coli RNA polymerase (holoen- 
zyme) was a gift from Dr. S. Harris  (National  Institute of Environ- 
mental Health Sciences). 
Preparation of RNase H Substrate-Poly(dT), . [3H]poly(rA)m hy- 
brid  was used as  substrate for RNase H. The hybrid was prepared by 
enzymatic synthesis of 3H-labeled poly(rA), with E. coli RNA polym- 
erase using poly(dT), as  template (8). The synthesized polymer  was 
purified by filtration on Sephadex G-50 equilibrated with 50 m~ Tris- 
HC1, pH 7.5, 1 mM EDTA,  and 0.1 M NaC1. The specific activity was 
Extraction Solutions and Buffer-The following solutions and 
buffers were used in this study: Solution A,  10 m~ Tris-HC1, pH 7.9, 
0.1 M NaCl, and 25% (w/v) sucrose; Solution B, 0.3 M Tris-HC1, pH 
7.9,O.l M EDTA, and 4 m g / d  of lysozyme; Solution C, 1 M NaC1,20 
mM EDTA, and 0.08% deoxycholate; Solution D, 0.157 M NaCl, 10 
m~ dithiothreitol, and 17% polyethylene glycol 6000; Solution E, 2 
M NaC1,  10 m~ Tris-HC1, pH 7.9, 10 m~ dithiothreitol, and 5% 
polyethylene glycol 6000, Buffer A, 50 m~ Tris-HC1, pH 7.5, 10 mM 
2-mercaptoethanol, 1 m~ EDTA,  and 10% glycerol;  Buffer  B, 25 mM 
potassium phosphate buffer, pH 7.1, 10 m~ 2-mercaptoethanol, and 
10% glycerol; Buffer C, Buffer A plus 0.5 M NaCl. 
Purification of RNase H-The extraction of RNase H was carried 
out as described (19), which is based on the fact that RNase H binds 
to DNA and  thus can be partially purified by precipitation together 
with DNA by polyethylene glycol. The purification of the enzymes 
has been performed at 4 “C unless otherwise mentioned. 60 g of frozen 
cells were thawed and suspended in  500 ml of Solution A. The 
suspension was stirred for 30 min and  then 125 ml of Solution B was 
added. After 15 min stirring at 625 m l ,  Solution C was added and the 
mixture was transferred to room temperature until a clear lysate was 
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obtained. The lysate was  mixed with 1750 ml of Solution D, stirred 
for 20 min, and centrifuged for 10 min at  10,000 rpm in a Sorvall GSA 
rotor. The enzyme was eluted from the pellet by addition of  200 ml  of 
Solution E,  and the enzyme solution was clarified by centrifugation 
for 10 min at 10,000 rpm and dialyzed against Buffer A for 10 h 
(Fraction I). 
Fraction I was applied to a DEAE-Sephacel column (5 X 13 cm) 
equilibrated with Buffer A. The column was washed with Buffer A; 
the enzymatic activity was detected in the flow through of the column. 
These fractions were pooled (Fraction 11) and applied to a phospho- 
cellulose column (2 X 8 cm) equilibrated with Buffer A. After washing 
with the same buffer, the column was eluted with 250 ml of a linear 
gradient of  0-0.5 M NaCl in Buffer A. Active fractions eluted at about 
0.3 M NaCl were pooled and dialyzed overnight against Buffer B 
(Fraction 111). The dialyzed fraction was applied to a hydroxylapatite 
column (1 X 8 cm) equilibrated with Buffer B. The enzyme was eluted 
with 60 ml of a 25 m"0.5 M potassium phosphate buffer (pH 7.1) 
linear gradient containing 10 mM 2-mercaptoethanol and 10% glycerol. 
The active fractions that eluted at about 0.15 M phosphate were 
pooled and dialyzed overnight against 50% glycerol in Buffer A 
(Fraction IV). The concentrated fraction was diluted with 1 volume 
of Buffer A and applied to a DNA-cellulose column (1 X 5 cm) 
equilibrated with Buffer A. The column was washed with Buffer A 
and  eluted with a 0-1 M NaCl linear gradient in Buffer A. The eluate 
at 0.2-0.3 M NaCl was combined and concentrated by dialysis against 
30% polyethylene glycol in Buffer A, followed by dialysis against 50% 
glycerol in Buffer C (Fraction V). This fraction (2 ml) was filtered 
through a Sephadex G-100 column (25 X 45 cm) equilibrated with 
Buffer C. The active fractions were pooled, dialyzed against 50% 
glycerol in Buffer A, and stored at -20 "C (Fraction IV). 
RNase H Assay-RNase H activity was assayed by the conversion 
of radioactivity of [3H]poly(rA), . poly(dT), into acid-soluble form as 
described (5, 19). Reaction mixtures (0.05 ml) contained 40 mM Tris- 
HCl, pH 7.9, 4 m~ MgCL, 1 mM dithiothreitol, 30 pg/ml of bovine 
serum albumin, 4% glycerol, 40 pmol of [3H]poly(rA), poly(dT),, and 
the enzyme fractions. After 15-min incubation at 37 "C, the reaction 
was stopped by the addition of 25 p1 of sonicated calf thymus DNA 
(1 mg/ml) and 25 pl of 30% trichloroacetic acid. Acid-insoluble ma- 
terial was removed by centrifugation for 5 min at 4 "C in an Eppendorf 
centrifuge. 75-pl aliquots of the supernatant were counted in Aquasol 
(New England Nuclear). One unit of activity is defined as  the amount 
of enzyme producing 1 nmol of acid-soluble material in 15 min at 
37 "C. 
Isoelectric Focusing-Isoelectric focusing  was carried out in a 110- 
ml column (LKB) according to  the method of Vesterberg (22). Sam- 
ples were added in the middle of a 5-50% sorbitol gradient containing 
1% carrier ampholyte (pH 8-10.5), 1 m~ dithiothreitol, and cyto- 
chrome c as marker. Focusing was performed at 4 "C for 24 h with 5 
watts  constant power. Fractions of 2.5 ml were collected and the pH 
of each fraction was measured at 4 "C. RNase H activity of each 
fraction was measured in the standard assay. 
Polyacrylamide Gel Electrophoresis-Gel electrophoresis was per- 
formed on  15% acrylamide and 0.1% NaDodSOl slab gels essentially 
following the method of Laemmli (23) .  After running, gels were 
stained by the silver-staining method (24). 
RESULTS 
Purification of RNase H from Wild Type and the  RNase 
H Mutant E.  coli-It has been previously shown (19) that  the 
RNase H mutant  strain FB 2 exhibits lower levels of RNase 
H activity compared to the wild type strain KS 351. To 
examine the possibility that  the  mutation is not  in the  struc- 
tural gene for RNase H but  rather a regulatory gene mutation, 
we have purified RNase H from both strains  to homogeneity. 
Table  I summarizes the purification steps. No values are given 
for the Fist two purification steps because contaminating 
enzymes, which can degrade the substrate, are present in 
these crude extracts. In contrast to  the published scheme (5), 
RNase H from both strains did not bind to either DEAE- 
Sephacel or DEAE-cellulose and  the  total activity was re- 
covered in the flow-through fractions of the column even after 
extensive dialysis against the buffer containing no  salt. After 
Sephadex G-100 filtration, both enzymes were homogeneous 
as judged by the sensitive silver stain after polyacrylamide gel 
electrophoresis in the presence of NaDodS04 (see below). The 
specific activity of RNase H from the wild type strain was 
estimated as 43,200 units/mg, whereas that of the mutant 
strain was 3,430 units/mg, less than 8% of the wild type 
activity. These results indicate that the mutation in FB 2 
strain affected the  structural gene for RNase H. 
Properties of Wild Type and Mutant RNase H-Both 
enzyme activities are very sensitive to N-ethylmaleimide as 
published (5) ;  5 m~ concentration inhibits over 80% of the 
activities. The  rate of hydrolysis of RNA moiety from either 
poly(dT),.poly(rA), or $X174 DNA-RNA hybrid by the mu- 
tant enzyme was the  same  as  that by  wild type enzyme (data 
not shown). Furthermore, functional differences between wild- 
type and mutant, possibly more relevant to  the in vivo func- 
tion of RNase H, could not  be  detected in the stimulation of 
in vitro ColEl DNA replication (25) when the same amount 
of the activity was added. Apparently, the remaining activity 
of RNase H in  the  mutant  strain functions as well as  the wild 
type enzyme. 
Molecular Weight Determination-Enzyme preparations 
from both wild type and  mutant  strain showed a single band 
on the polyacrylamide gel  in the presence of NaDodS04  and 
the molecular weight is about 21,000 in both enzymes (Fig. 1). 
The molecular weight of the native RNase H was also 
determined by  gel filtration on Sephadex G-100 and glycerol 
gradient  sedimentation and was approximately 21,000 in both 
enzyme preparations. This value is well matched  to the mo- 
lecular weight of the enzyme determined  under  a  denaturing 
condition. Hence, the active enzyme form appears to be a 
monomer. 
An earlier study (26) suggested that RNase H has some 
affinity to saccharides, especially dextran. In order to elimi- 
nate such  a possibility, Bio-Gel P-100 was also used for the 
estimation and the molecular weight determined as 21,000 
(Fig. 2). 
Although no activity was found in the range of a dimer 
form, it should be noticed that RNase H activity was eluted 
at  the excluded position with blue dextran if the enzyme was 
TABLE I 
Purification of RNase H from E.  coli strains KS 351 (wild type) and  FB 2 (mh-mutant) 
The enzymes were purified from 60 g of KS 351 and  FB  2  as described in the text. One unit of activity is defined as the amount of enzyme 
producing 1 nmol of acid-soluble material in  15  min at 37 "C. 
Total protein Total activity 
Purification step 
Specific activity 
KS 351 FB 2 KS 351 FB 2 KS 351 FB 2 
mg units units/mg 
Crude extract ND" ND 
Fraction I polyethylene glycol extract ND ND 
Fraction I1 DEAE-Sephacel 54  120  71,600  7,120  1,330  59.3 
Fraction I11 Phosphocellulose 3.84  8.68  30,000  3,100  7,800  357 
Fraction IV Hydroxylapatite 0.53 1 .o 5,380  L000  10,100  L000 
Fraction V DNA-cellulose 0.21  0.35  3,010  336  14,400  960 
Fraction VI Sephadex G-100 0.05  .07  2,160  240  43,200  3,430 
ND, not determined. 
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FIG. 1. Purity of RNase H from wild type and  the  mutant E. 
coli. RNase H (Fraction VI) was applied on a 15% polyacrylamide 
slab gel containing 0.1% NaDodS04  and electrophoresed as described 
(23). Protein markers were phosphorylase b, bovine serum albumin, 
ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, and lyso- 
zyme (from Bio-Rad Laboratories). After visualization of protein 
bands by silver-staining method (24), a photograph was taken and 
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FIG. 2. Molecular weight estimation of RNase H by gel fil- 
tration on Bio-Gel P-100. RNase H (Fraction VI, 2 units) was 
applied on a column of Bio-Gel P-100 (0.8 X 50 cm) equilibrated with 
Buffer A with the marker proteins (bovine serum albumin (BSA, 
66,200), ovalbumin (Ou, 45,000), and cytochrome c (Cyt c, 13,400)) 
and eluted with Buffer A. RNase H activities from both  strains were 
assayed as described under “Materials an’d Methods.” Both enzymes 
were eluted at  the position indicated by the arrow. 
loaded on Bio-Gel P-100 column with blue dextran. This 
indicates that RNase H binds to dextran which has been 
shown to inhibit RNase H from E’. coli (26, 27) and calf 
thymus (12), presumably binding to  an active site of RNase H 
(27). 
Isoelectric Focusing-As mentioned under  “Materials  and 
Methods,”  RNase H activities from both wild type  and  mutant 
strains did not bind to DEAE-cellulose or DEAE-Sephacel 
during the purification. This suggests that  the enzyme is a 
basic protein. 
To determine the PI of the physically homogeneous en- 
zymes, both proteins were subjected to electrofocusing in  a 
sorbitol  density  gradient in the presence of carrier  ampholytes 
in the range of pH 8-10.5. As shown in  Fig. 3A, the activity of 
the wild type enzyme was separated into two peaks with 
isoelectric points of 9.6 and 9.0. In contrast, the activity of the 
mutant enzyme focused in  a single peak with a PI of 9.4 (Fig. 
3B). 
The two distinct forms of the wild type enzyme identified 
by isoelectric focusing (Fig. 3A) are probably derived from the 
same gene since both peaks are altered in the  mutant strain. 
While it is possible that  the  mutant  strain carries two or more 
independent  mutations which fortuitously affect two distinct 
genes for the enzyme, this seems an unlikely possibility. We 
have no evidence which bears on the possible relationship 
between the two forms of the enzyme seen in the wild type 
strain. The two peaks failed to separate during any of the 
chromatography steps and, therefore, must  be closely related. 
One peak is unlikely to be a proteolytic degradation product 
of the  other since the same two peaks were observed in rapidly 
prepared  crude enzyme preparations made in the presence of 
the protease inhibitor phenylmethyl sulfonyl Cuoride (data 
not  shown). Although it  has been suggested that  the active 
form of the enzyme might be a dimer (18), we found an 
identical molecular weight (21,000) for both the wild type  and 
mutant enzymes under  native as well as denaturing conditions. 
Thus,  it seems unlikely that  the two peaks  seen during isoe- 
lectric focusing of the wild type enzymes represent  a mono- 
mer-dimer equilibrium. Furthermore, the relative amounts of 
activity in the two peaks did not change when the absolute 
amount of activity loaded on the column changed over a 10- 
fold range. 
Heat Inactiuation-Although its molecular weight is low, 
RNase H is known to be a thermal instable enzyme. Its 
activity can be removed from crude preparations by heating 
to 65 “C (28). The  thermal stability of RNase H from wild 
type  and  mutant was examined by incubating enzyme solu- 
tions  (Fraction VI) in Buffer A at  42 “C, 37 “C, and 32 “C. 
Aliquots were removed at  different time  points and assayed in 
the  standard reaction system. From the results shown in Fig. 
4 it can be seen that both enzymes are very sensitive to 
increased temperatures. The  rate of inactivation was the same 









FIG. 3. Isoelectric focusing of RNase H from mutant and 
wild type cells. The homogeneous enzymes (Fraction VI) from both 
strains were subjected to electrofocusing in a sorbitol density gradient 
in the presence of carrier ampholytes in the ranges of pH 8-10.5 as 
described under “Materials  and Methods.” A,  RNase H from the wild 
type strain KS 351; B, RNase H from the mutant FB 2. 
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FIG. 4. Heat inactivation of RNase H. 1 unit of each enzyme 
preparation (Fraction VI, Table I) was incubated in 20 pl of Buffer A 
at 42 “C ( A ) ,  37 “C ( B ) ,  and 32 “C ( C ) .  2-pl aliquots were  removed at 
the indicated time points and assayed as described  under “Materials 
and Methods.” 0, RNase H from the wild type strain; 0, RNase H 
from FB 2. 
DISCUSSION 
The mutation in the described E. coli strain FB 2 (19) 
resulted in lowered levels of RNase H activity. No other 
noticeable phenotypic alterations were observed. From pre- 
vious results (19) it could not be determined whether the 
mutation was in the  structural gene  for RNase H or rather in 
a regulatory gene. The results reportd here demonstrate un- 
equivocal evidence for differences between the  mutant and 
the wild type RNase H enzymes on the protein level.  Homo- 
geneous preparations of RNase H from both strains  (Table I) 
allowd us to compare the specific activity of the enzymes. The 
finding that  the specific activity of the  mutant enzyme repre- 
sents less than 8% of the specific activity measured for the 
wild type enzyme  suggests that  the mutation in FB 2 affected 
the RNase H gene. Additional evidence  for a  mutation in the 
structural gene  is  provided by the differences  in the isoelectric 
points of the enzymes. The two distinct forms of the wild type 
enzyme identified by isoelectric focusing  (Fig. 3A) might be 
derived from the same gene with one  form resulting from the 
other by deamidation of asparaginyl or glutaminyl residues. 
Both amino acid residues are known to undergo spontaneous 
deamidation, and electrophoretic heterogeneity causd by this 
process has been  found  in several protein preparations (29). 
This possibility may not exist for the  mutant enzyme. The 
fact that  the  mutant enzyme has  a  PI value  which  is different 
from either form of the wild type enzyme strengthens the 
suggestion that RNase  H is coded  by a single  gene  which has 
been mutated in strain FB 2. 
Two enzymatically active forms of the wild type enzyme 
were  also  found  in the NaDodS04-polyacrylamide gel recon- 
stitution assay (19) and may  be  responsible  for the reported 
dimeric mechanism of the enzyme (18). However, no evidence 
for a dimeric nature of the enzyme  was found in this study. 
The molecular  weight of the enzymes  from both strains was 
found to be identical under denaturing as well as native 
conditions (Figs. 1 and 2). Recently, Horiuchi et al. (30) 
succeeded in cloning the dna Q and RNase H genes of E. coli, 
and  their  study confirmed the location of the m h  gene at 5.1 
min  on the E. coli genetic map (19). Their  data of labeling the 
protein coded  by m h  gene is consistent with the idea that  the 
21,000 protein is RNase H. Thus, the  mh-locus  is  the  struc- 
tural gene  for RNase H and the  data presented in this study 
indicate that  the mutation in strain FB 2 is  in this gene. 
One hypothesis of the role of RNase H in vivo is that  the 
enzyme is one of the processing enzymes of RNA-linked 
Okazaki fragments during DNA replication and it removes 
RNA primer at  the 5‘-end of the fragments. A pol A ex-1 
mutant (20), which is deficient in 5’ + 3’ exonuclease activity 
of E.  coli DNA  polymerase I, accumulates RNA-linked Oka- 
zaki fragments as well as RNA-free Okazaki fragments under 
restrictive conditions. However, most of the RNA primer 
linked to Okazaki fragments are rapidly processed, and at- 
tempts  to detect intact primers with 5’-, di-, or triphosphate 
ends have been unsuccessful (31). This indicates that although 
the final step of the processing of RNA-linked  Okazaki frag- 
ments is performed by 5’ + 3’ exonuclease activity associated 
with DNA polymerase I, the main job of removing RNA 
primer from  Okazaki fragments is carried out by RNase H or 
a similar activity. 
Preliminary experiments showed that in the  mutant  strain 
joining of Okazaki fragments is only slightly retarded  (data 
not shown). The failure to see a more dramatic difference 
between wild type and mutant  strains might be due to the 
remaining RNase H activity in strain FB 2. We hope that 
cloning the ~ n h  gene and in vitro mutagenesis should allow us 
to isolate tighter mutants, which can be  used  for direct studies 
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